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of TOPTOP
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The analysis provides
TOPscenarios. The
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tool for
for future
future assessments
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predictive tool
assessments of potential
long-term changes in water
wateryield
yield as
as aa result
resultofofchanges
changesin
inglobal
global clicli

mate. The evaluation
calibration
evaluation was
was conducted
conducted by developing
developing aa calibration
procedure
to simulate a range
procedure to
range of
of climatic
climatic extremes using historical
temperature, precipitation,
records for
for years
years hav
hav
precipitation, and streamfiow
streamflow records
ing wet,
wet, average,
average, and
and dry
dry precipitation
precipitation amounts
amounts from
from the
Leading
ing
the Leading
Fernow (West
(West Virginia),
Virginia), and
and Hubbard
HubbardBrook
Brook
Ridge (Pennsylvania), Fernow
(New Hampshire)
(New
Hampshire) Experimental
Experimental Watersheds.
Watersheds.This
This strategy
strategy was
was

chosen
chosen to determine
determine whether
whether the
themodel
model could
could be
be successfully
successfully cali
cali

brated over
with the
the
over a broad
broad range
range of
of soil
soil moisture conditions
conditions with
assumption that
that this
this would
would be
be representative
representative of
of the sensitivity nec
nec
essary to predict
predict changes
changes in streamfiow
streamflow under a variety
variety of
of climate
change scenarios. The
The model
model calibration
calibration was
was limited
limited to
to aa daily
daily time
time
step, yet
yet performed
performed reasonably
reasonablywell
well for
foreach
eachwatershed.
watershed.Model
Modeleffi
effi
ciency,
least squares measure
measureof
ofhow
how well
well aa model
model performs,
performs, aver
ciency, aa least
aged between
0.64 and
and 0.78.
A simple
simple test of the model
between 0.64
0.78. A
model whereby
whereby

daily temperatures were
resulted in
in annual
annual
were increased
increased by
by 1.7CC,
1.7'C, resulted
water yield
of 44 to
to 15
on the three watersheds.
yield decreases
decreases of
15 percent
percent on
watersheds.
Although
these results makes
Although these
makes the
the assumption
assumption that
thatthe
themodel
model comcom
ponents
adequately describe
describe the system,
system, this
this version
version of
of TOPMOD
TOPMOD
ponents adequately
water yield
yield impacts
impacts given
given subtle
subtle changes
changes in
in
EL is capable to predict water
the temperature
temperature regime.
regime. This
adequate representa
the
This suggests
suggests that
that adequate
representa
tions of the effects
on water yield
effects of climate
climate change
change on
yield for
for regional
regional
assessment purposes
conpurposes can
can be
be expected
expected using
using the
the TOPMODEL
TOPMODEL con

cept.
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gases in the atmosphere
atmosphere will
will increase global
global tempera
tempera
(Cannell et al.,
ai., 1989)
1989) and
tures (Cannell
and affect
affect spatial
spatial and tem
tem
patternsofofprecipitation
precipitation(Wolock,
(Wolock, 1993;
1993; Yarnal,
Yarnal,
poral patterns

1990). Estimates
Estimates of
of the
the magnitude
1990).
magnitude of potential
potential
from Global
Global Circulation Models
Models
climate changes from
(GCMs) are
(Joyce et al.,
ai., 1990).
1990). Many may
(GCMs)
are uncertain (Joyce
argue that
that the
the evidence
evidence available
available still
still does
does not sup
sup
argue
thatglobal
global climate
climatechange
changewill
willoccur.
occur. However,
However,
port that
researchers that
that support
support various
various climate
climate change
change sce
sce
researchers
narios agree
that these
these changes
changes would
would alter tempera
agree that
and moisture
moisture regimes
regimes of
of many regional
regional climates.
climates.
ture and
These changes,
changes, in turn, could
could affect
affect evapotranspiraevapotranspira
tion, precipitation,
precipitation, and
and soil
soil moisture
moisture storage
storage and
and ulti
ulti
mately,
the
timing
and
magnitude
of
runoff,
lake
mately, the
and magnitude of runoff,
levels, and
availability. Planning for
for
levels,
and groundwater availability.
management
and use
forest and water
management and
use of forest
water resources
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will depend
will
depend on
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our ability
ability to
to accurately
accurately predict
predict the
the
ch ange on
on hydrologic
hydrologic cycles,
cycles,
effects of physical
physical climate change
from forested watersheds
watersh eds because
because
particularly from

approximately
80 percent
percent of
of the
the surface
is
approximately 80
surface runoff is
yielded
from forested
forested and
and wildland
watersheds. For
For
yielded from
wildland watersheds.
these reasons an
for evaluat
an investigation
investigation of
of methods for
ing impacts
impacts on
on regional
regional water
water resources
resources isis warranted.
warranted.
Hydrologic models
Hydrologic
modelsthat
that provide
provide reliable
reliable water yield
yield
estimates over a wide
wide range
range of
of watershed
watershed conditions
conditions
under a variety
variety of
of climatic
climatic scenarios
scenarios are needed
needed to
evaluate the impacts
impacts of
of climate
climate change
change on
on water
evaluate

INTRODUCTION
Recent research
that climatic
climatic change
change
Recent
research suggests that
brought
about
by
increasing
levels
of
greenhouse
brought about by increasing levels of greenhouse

resources.
From a hydrologic
point of view,
view, the
the most
most
resources. From
hydrologic point
changes in
physical climate
important predicted changes
in physical
climate as
as a
result of
of climate change are changes
changes in
in precipitation
precipitation
and temperature,
temperature, both
both of
of which
which affect
affect evapotranspira
tional processes
processes and
water availability.
availability.
tional
and ultimately water
Consequently, model
Consequently,
model development
development or
or selection
selection should
should
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include components
components that
that consider
evapotranspira
include
consider evapotranspira
tional
processes, soil
opportunities,
tional processes,
soil moisture
moisture storage
storage opportunities,
and
precipitation patterns under aa variety
variety of
of vegeta
vegeta
and precipitation
tive conditions.
The model
model should
should also
also consider
consider the
the
tive
conditions. The
variable nature of
processes and
and be
be appli
appli
variable
of hydrologic
hydrologic processes
cable to
to aa wide
model
cable
wide variety of watersheds. One such model
that addresses
addresses many
many of
of these
these requirements
requirements is
is TOPTOP
MODEL,aa basin
basin hydrologic
hydrologic model
model for
for predicting
predicting
MODEL,
stormflow responses
responses to
to aa time
time series input
stormflow
input of
of precipi
precipi
tation and temperature
temperature(Beven
(Beven and
and Kirkby,
Kirkby, 1979).
1979).
Other studies have shown
of
shown a reasonable
reasonable degree
degree of
success in
in calibrating TOPMODEL
small water
waterTOPMODEL toto aa small
success
shed in
et
shed
in the Shenandoah
Shenandoah Mountains
Mountains (Hornberger
(Hornberger et
al., 1985),
and for
for three
three small
small watersheds
watersheds in
in the
the Unit
Unit1985), and
ed
Kingdom (Beven
1984). Ambroise
Ambroise et
et al.
at.
ed Kingdom
(Beven et
et al., 1984).
(1996) used
used a modified
TOPMODEL and
and showed
showed simi
simi
(1996)
modified TOPMODEL
lar calibration
for aa watershed
in a small
calibration success
success for
watershed in
small
mountainous
mountainous watershed in France.
France. One
One recent
recent study,
study,
difficulty in validating
validating TOPMODEL
TOPMODEL
however, found
however,
found difficulty
on
on a Swiss
Swiss catchment
catchment using
using field-estimated
field-estimated parame
parame
ters and
and observed
observed that
that the
the physical
physical processes
processes of the
were not adequately being represented by
catchment were
TOPMODEL
1994). A
TOPMODELCIorgulescu
(Jorgulescuand
and Jordan,
Jordan, 1994).
A point
point
remains
uncertain is what
remains uncertain
what constitutes
constitutes a legitimate
legitimate
calibration
or validation,
validation, particularly
particularly in
in light
light of
of the
the
calibration or
variability in hydrologic
response as
as a function
hydrologic response
function of
model
time step,
step, watershed
size, and
and parameter
model time
watershed size,
quantification.
The
ofthis
this study
study was
was to
to test
test whether
The objective
objective of
whether
TOPMODEL
couldbebecalibrated
calibrated over
over aa broad
TOPMODEL could
broad range
of soil
soil moisture
moisture and
and precipitation
regimes on
on three
three
precipitation regimes
watersheds from
from different
different physiographic
physiographic regions hav
hav
different vegetative,
vegetative, lithologic,
lithologic, and topographic
topographic
ing different
characteristics
characteristics that result
result in
in aa wide
wide range
range of
of hydrohydro
logic
was selected
selectedfor
for this
this
logic responses.
responses. TOPMODEL
TOPMODEL was
because of the previous
previous success
success by
study because
by others
others and
the
the versatility
versatility of
of the
the model
model to
to reflect
reflect the physical
physical propro
cesses
on forested
forested upland
upland watersheds
cesses occurring
occurring on
watersheds in
the northeastern
northeastern United
United States.
States. Evaluating
Evaluating model
model
performance
over aa broad
moisture and
broad range of soil
soil moisture
performance over
precipitation conditions
preconditions is intended to encompass
encompass pre
changes that may
may be
be possible
possible from
from climate
climate
cipitation changes
cipitation
change.
change. A
A successful
successful calibration over this broad range
of physical
physical conditions and physiographic
physiographic regions
of
implies
implies that
thatTOPMODEL
TOPMODEL would
would be
be aa viable
viable model
model for
estimating regional
regional water
water yield
yield impacts
impacts on
on upland
upland
estimating
forested
forested watersheds
watersheds throughout
throughout the northeastern
northeastern
United
United States
States using
using aa number
numberof
ofclimate
climate change
change scesce
nnarios.
ario 5.

These
Fernow Four (F4),
(F4), Hubbard Brook
Brook
These include:
include: Fernow
Three
(HB3), and
Ridge One
One (LR1)
(LR1) Experi
Three (HB3),
and Leading Ridge
Experi
mental
mental Watersheds.
Watersheds. The
The watershed
watershed locations
locations are
are
shown
shown in
in Figure
Figure 1.
1. The
The watersheds
watersheds were
were selected
selected pri
pri
marily
located in different
different physio
physio
marily because
because they
they are located
graphic
regions, are
completely forested,
graphic regions,
are completely
forested, and
and have
have
different
hydrologic regimes.
"control" water
different hydrologic
regimes. As
As the
the "control"
water
sheds
climatic and
sheds for
for these
these study
study areas,
areas, detailed climatic
and
watershed data
available. All
All three
watersheds
watershed
data are available.
three watersheds
experience
However, the
experience similar
similar climatic
climatic patterns.
patterns. However,
the
further north the
the watershed
watershed location
location the more
more wintry
wintry
the climate.
climate. The
The climate
climate of
of the
the northeastern
northeastern United
United
States is aa humid,
humid, continental
continental type.
type. Frontal
Frontal systems
systems
are
the dominant
dominant source
source of
of precipitation.
precipitation. Tropical
Tropical
are the
storms
can
storms occasionally
occasionallyaffect
affectthe
the study
study sites
sites and
and can
cause heavy rainfall. Orographic influences on precip
precip
itation are also experienced
experienced at
at each
each ofthe
of the sites.
sites.

(F4)
Fernow Four (F4)
F4
39.2 hectares
and is located
located on
F4 is
is 39.2
hectares in
in area
area and
on the
the
Fernow
Experimental
Forest
in
the
Appalachian
Fernow Experimental Forest in the Appalachian
Plateau physiographic
physiographic province
province of West Virginia.
Plateau
Virginia. The
The
watershed is at
at 39°03N
39'03'N latitude
latitudeand
and79°42'W
79'42'W longi
longi
watershed
West Virginia.
Virginia. F4
tude in northeastern West
F4has
has an
an eastern
eastern
ranges in
in elevation
elevation from
from 740 m to 868
868 m.
m.
aspect and ranges
Streamflow is
broad-crested weir
Streamfiow
is measured
measured using a broad-crested
with a 90-degree,
90-degree, v-notch
v-notch inset.
Precipitation was
with
inset. Precipitation
Belfort weighing-type
weighing-type raingage.
raingage.
measured using aa Belfort
Average annual precipitation
precipitation for
for F4
F4 isis 1458
1458 mm.
mm. Tem
Tem
Average
perature was
was measured
measured using
using aa Belfort
Belfort hygrothermo
hygrothermo
perature
graph. Average
Average annual
for F4
F4 is
is 9°C,
9'C, and
annual temperature for
and
mean
monthly
temperatures
range
from
-4'C
to
19'C.
mean monthly temperatures range from -4°C to 19°C.
The soils are predominately inceptisols
inceptisols characteris
characteris
well-drained, medium-textured
tically well-drained,
medium-textured loam
loam and
and silt
soils ranging in
in depth
depth from
from one
one to
to sev
sev
loam residual soils
meters. These
These soils
soils formed
formed through
through the weather
weather
eral meters.
underlying acid
acid shales and sandstone.
sandstone. The
The
ing of underlying
vegetative cover
cover is
predominantly an oak
oak forest
forest with
with
vegetative
is predominantly
sugar maple,
maple, and
and yellow
yellow poplar.
poplar.
beech, sugar

HubbardBrook
Brook Three
Three (HB3)
(HB3)
Hubbard
HB3 is
42.4 hectares
and is
is located
located on the
HB3
is 42.4
hectares in
in area and
Hubbard Brook
Brook Experimental Forest
Forest in
in the
the New
New Eng
Eng
Hubbard
land physiographic
physiographic province
province of
of New
New Hampshire.
Hampshire. The
The
land
watershed is
is at
at 43°56'N
43'56'N latitude
latitude and
and 71°45W
71'45'W longi
longi
watershed
tude in
in the
the southwestern
southwestern corner
cornerof
ofthe
theWhite
White Moun
Moun
tude
tains of
of northcentral
northcentral New
New Hampshire.
Hampshire. HB3
HB3 has aa
tains

STUDY
STUDY LOCATIONS
LOCATIONS

Three
eastThree upland
upland forested
forested watersheds
watersheds in
in the
the north
northeast

ern
ern U.S.
U.S. were
were selected
selected for
for the
the model
model simulations.
simulations.

southern aspect
aspect and
and ranges
ranges in
in elevation
elevation from
from 416
416 m
m
southern
m. Streamfiow
Streamflow is measured using
using aa 90-degree,
90-degree,
to 717
717 m.
to
v-notch weir.
weir. Precipitation
Precipitation is measured
measured using
using
v-notch
Belfort weighing-type
weighing-type raingage.
raingage. Average
Average annual
aa Belfort

Leading Ridge
Ridge
Leading
Experimental
Experimental
Watershed
Watershed

Hubbard Brook
Brook
Hubbard
Experimental
Experimental
Watershed
Watershed

Fernow
Experimental
Watershed

Figure 1.
1. Locations
Locations of
ofFernow
Four (F4),
(F4), Hubbard
HubbardBrook
Brook Three
Th)'ee(HB3),
(HB:n,
Fernow Four
and Leading Ridge
Ridge One
One (LRl)
(LR1)Experimental
Experimental Watersheds.

precipitation
1388 mm.
mm. Temperature
Temperature was
precipitation for
for HB3
HB3 is
is 1388
measured using a Belfort
Belfort hygrothermograph. Average
Average
annual temperature
temperature for
for HB3
HB3 is 6°C,
6°C, and
and mean
mean month
monthtemperatures
range
from
_9°C
to
18°C.
ly
ly temperatures range from -9°C 18°C.
The
from glacial
form typitypi
The soils
soils are derived from
glacial till to form
ranging
in
depth
from
zero
to
several
cal
spodisol
soils
cal spodisol soils ranging in
from zero to
meters.
second
meters. The
The vegetative
vegetative cover
cover isis aa mature, second
northern
hardwood
forest,
which
is
dominated
growth
growth
forest, which is dominated
beech, and yellow
yellow birch.
by
by sugar maple, beech,
birch. Balsam
Balsam fir
fir
and red spruce occur
occur primarily
primarily at higher elevations.
elevations.

measured at
at aa single
single station
stationusing
usingaaBelfort
Belfortweighingweighing
precipitation for
for LR1
LR1
type raingage.
raingage. Average
Average annual precipitation
type

is 1064
Temperature was
was measured using a
is
1064 mm.
mm. Temperature
hygrothermograph.
Average
Belfort
Belfort hygrothermograph. Average annual
annual tempera
is 11°C,
andmean
meanmonthly
monthlytemperatures
temperatures
ture for LR1
LR1 is
noc, and
range from
from 0°C
O°C to
to 23°C.
23°C.
The soils
are residual ranging in depth from one
to
The
soils are
one to
several
formed on
on colluvial
colluvial material through
several meters formed
the weathering
the
weathering of underlying shales and
and sandstone.
sandstone.
The vegetative cover
consists
of
an
uneven-aged,
uneven-aged, cop
cop
cover
of
pice forest of oak,
oak, hickory,
hickory, and
and maple.
maple.

Leading Ridge One
One (LRl)
(LRJ)

LR1isis 122.7
122.7hectares
hectaresinin area
area and
and is located
LR1
located in
in
the
Ridge physiographic
physiographic province
province of cencen
the Valley
Valley and
and Ridge
tral Pennsylvania.
Pennsylvania. LR1
LR1isis at
at 40
40°40N
latitude and
and
tral
40'N latitude
77°57'Wlongitude
longitudeand
andhas
hasaasoutheastern
southeastern aspect
aspect and
and
77'57W
ranges in
in elevation
elevation from
from 275
275 meters
meters to
to 450
450 meters.
meters.
ranges
Stream discharge
discharge is
is monitored
using a modified
Stream
monitored using
modified
broad-crested trenton
trenton weir
weir with
with aa sharp-crested,
sharp-crested,
broad-crested
90-degree,v-notch
v-notchininthe
the center.
center. Precipitation
Precipitation was
was
90-degree,
0

APPROACH
APPROACH
TOPMODEL Overview

TOPMODELisisaa physically-based
physically-based model
model that
that
TOPMODEL
includes typical components
includes
components of
of most
most conceptual
conceptual
watershed-scale models.
watershed-scale
models. In
In addition,
addition, TOPMODEL
TOPMODEL
includes the
the distinction
distinction that
that the
simulates the
the
includes
the model
model simulates

variable source
source area
area(VSA)
evSA) concept of streamfiow
streamflow gen
gen
eration
Hibbert, 1967).
1967). Incorporating
Incorporating
eration (Hewlett and Hibbert,
concept into
into aa hydrologic
hydrologic model
modelisis not
not unique
unique
the VSA
VSA concept
to TOPMODEL.
TOPMODEL.ItIt isis the concept
of streamflow
streamfiow gener
gener
concept of
to
by most
most wildland
wildiand hydrologists,
hydrologists,but
but isis
ation recognized
recognized by
not recognized
recognized universally
universally by
by all
all hydrologists,
hydrologists, nor
nor has
has
it been
been incorporated
incorporated into most
most watershed-scale
watershed-scale modmod
els. The TOPMODEL
concept was
was developed
developedinin the
the
TOPMODEL concept
els.
and later
late 1970s
1970s (Beven
(Beven and Kirkby,
Kirkby, 1979),
1979), and
later devel
devel
oped into
into a watershed-scale
which has
has under
underoped
watershed-scale model
model which
gone numerous
numerous revisions
revisions to
to the
the model
structure to
model structure
gone
meet the
the needs
meet
needs and interests of
of other
other investigators
investigators
(Beven
(Beven etet ai.,
at., 1984;
1984; Famiglietti,
Famiglietti, 1992;
1992; Famiglietti
Famiglietti and
and
Wood, 1991;
1985; Pinol
Wood,
1991; Hornberger,
Hornberger,etet ai.,
at., 1985;
Pifiol etet ai.,
at.,
1997;
1991; Wolock,
Wolock, 1988;
1988;
1997; Wolock
Wolockand
and Hornberger, 1991;
Wolock
at., 1989;
Woodetet ai.,
at., 1988).
Much of
of the
the
Wolock etet ai.,
1989; Wood
1988). Much
current research
centers around
around improving
improving the
the perresearch centers
per
formance of the
the model
model through investigations of
sensi
of sensi
tivity of
structure. Ambroise
Ambroise
of model
model parameters and structure.
et at.
has shown
the
ai. (1996)
(1996) has
shown that alternative
alternative forms
forms of the
model
structure, based on
model structure,
on alternative transmissivity
transmissivity
functions, can improve
improve model
model performance,
performance, particu
functions,
particu
during low
low streamfiow
streamflow periods.
periods. The represen
represen
larly during
namely storm
storm volumes,
volumes,
tiveness of rainfall input data, namely
has been
been found
found to
to be
be influential
influential on
on model
model perfor
perfor
mance,
even
though
expanding
the
gage
network
mance, even though
gage network did
not improve
improve model
model efficiencies
efficiencies (Obled
(Obled et
1994).
et ai.,
at., 1994).
Others have
focused
on
the
effects
of
DTM
(digital
have focused on the effects of DTM (digital
terrain model)
model) scale
scale in
in deriving
deriving the
the topographic
topographic
index,
ln(altanI3)
and
the
sensitivity
of this
this index
index and
and
index, In(a/tan~) and the sensitivity of
on model
model output (Franchini
(Franchini et at.,
ai.,
other parameters on
1996;
1991; Saulnier
Saulnier et
et at.,
ai., 1997;
1997; Wolock
Wolock
1996; Quinn
Quinn et ai.,
at., 1991;
and Price,
Price, 1994).
1994). Much
Much attention has
has also
also focused
focused on
on
model predictions
predictions resulting
assessing uncertainty in model
resulting
development and application
application of
of the
the GLUE
GLUE
in the development
(Generalized Likelihood
Likelihood Uncertainty
Estimation)
(Generalized
Uncertainty Estimation)
methodology for
bounds for
methodology
for estimating
estimating uncertainty bounds
Binley, 1992;
predictions (Beven and Binley,
these predictions
1992; Fisher
Fisher and
and
Beven, 1996;
1996; Binley
Binley et
ai., 1991).
1991). Wolock
Wolock and
Horn
Beven,
et at.,
and Horn
berger (1991)
(1991) successfully used TOPMODEL
TOPMODEL to
berger
to evalu
evalu
ate the
the hydrological
hydrological effects
effects of
of doubling
doubling atmospheric
carbon dioxide levels.
dislevels. Band et at.
ai. (1993)
(1993) coupled
coupled aa dis
tributed ET
ET (evapotranspiration)
(evapotranspiration) model
model with
with TOP
TOP
MODEL.
This effort
effort demonstrated
demonstrated watershed
MODEL. This
watershed ET
variability in modeling soil
soil moisture
moisture status
status on forestforest
ecosystems. Pinol
ed ecosystems.
Piñol et
et ai.
at. (1997)
(1997) found
foundthat
that by
by alter
alter
ing or
or adding
adding to
to the
the model
model structure
structureofofTOPMODEL
TOPMODEL
that
that some
some improvement
improvement in
in model
model efficiency
efficiency can
can be
obtained.
demonstrated that the
obtained. Freer et
et at.
ai. (1997)
(1997) demonstrated
topographic index
topographic
index may
may not be
be adequately represented
solely
by
surface
topography
emphasizing the impor
impor
solely by surface topography emphasizing
tance
tance of
of other controls
controls such
such as
as the
the influence
influence of
of local
local
structure
and
soil
hydraulic
properties
on
geologic
geologic structure
soil hydraulic properties on
flow pathways.
flow

There
many notable
notable differences
There are many
differences that
that exist
among
different
formulations.
One
of
the
most
signifi
among
formulations.
signifi
cant differences
differences are
are between
between formulations
formulations that
that utilize
utilize
statistics of
of the frequency
frequency distribution of
of the
the topo
topo
graphic
graphic index,
index, In(a/tan~)
ln(altanf3)and
andthose
thosethat
that utilize
utilize the
the
spatially
values of
of the
the index.
index. Similarly,
Similarly,
spatially distributed values
lumped
spatially-distributed
lumped parameter
parameter values
values and
and spatially-distributed
parameter values are used
used with
with these
these approaches,
approaches,
respectively.
respectively.Both
Bothapproaches
approachesassume
assumethat
that the
the spatial
spatial
distribution
In(a/tan~) approximates
distribution of ln(a/tanl3)
approximates the
the spatial
spatial
distribution
water table
table in
in a
distribution of
of the
the depth
depth to
to the
the water
watershed. This is an
an important factor to approximate
approximate
the dynamic
dynamic hydrologically-active
hydrologically-active source
typi
source areas typi
base of
of concave
concave hillsides. Differ
Differ
cally
cally found
found at
at the base
predictions of
streamflow using
both
ences
ences in
in predictions
of total
total streamfiow
using both
approaches have been
been shown
shown to
to be
be negligible
negligible (Wolock,
(Wolock,
1995). A
1995).
A more
more in-depth
in-depth discussion of TOPMODEL
TOPMODEL can
can
(1984), and
found in Beven
Beven (1997),
(1997), Beven
be found
Beven etet ai.
al. (1984),
and
Wolock, (1993).
Wolock,
TOPMODEL formulation,
by Wolock
Wolock
A TOPMODEL
formulation, reported by
distribution of
(1988), that
(1988),
that utilizes
utilizes the
the statistical
statistical distribution
of the
the
In(a/tan~) was
ln(altanf3)
wasused
usedininthis
this study.
study. In
In this
this version,
version, the
the
into areas
areas defined
defined by classes
classes
watershed is partitioned into
spatial distribution
distribution of
of]n(a/tanf3),
In(a/tan~), where
where "a"
of the spatial
"a" is
is
watershed area
the watershed
area contributing
contributingtotoaapoint
pointand
andtan~
tan is
is
the steepest
steepest slope
slope about
about that
that point.
point. This
This model
model
approach was
necessary to
approach
was selected
selected because
because data
data necessary
to
parameterize soil
soil hydraulic
not
parameterize
hydraulic characteristics
characteristics are
are not
available on
scale for
available
on aa spatially distributed scale
for the
the three
watersheds. In
In addition,
addition,TOPMODEL
TOPMODEL was
was cho
cho
study watersheds.
sen
it simulates a variable
sen because
because it
variable source
source area
approach to
to streamfiow
streamflow generation
includes
approach
generation and includes
hydrologic processes
consistent with
with the
hydrologic
processesthat
that are
are consistent
forested watersheds used in
in this analysis.
version of
of TOPMODEL
TOPMODEL (herein
This version
(herein referred
referred to
to as
as
TOPMODEL) includes
TOPMODEL)
includes typical
typical components
components found
found in
in
conceptual basin-scale models
models for forested
most conceptual
watersheds. Infiltrating water is stored
stored within
within the
watersheds.
soil profile.
profile. At
can
soil
At any
any point
point in
in the
the watershed,
watershed, water can
downslope at
on the depth to
drain downslope
at aa rate dependent on
saturation, the
the hydraulic
hydraulic conductivity
conductivity of
of the soil,
soil, and
a parameter
parameter describing
describing the exponential
exponential increase
increase in
in
zone is
hydraulic conductivity
conductivity the
the closer
closer the
the saturated zone
the land
land surface.
surface. Overland
Overland flow
flow can
can also
also occur
occur on
on
to the
in which
which the entire
entire soil
soil profile
profile is saturated.
areas in
Hydrologically-active areas
Hydrologically-active
areaswithin
within the
the watershed
watershed are
defined
typically
at
topographically
convergent
defined typically topographically convergent areas
areas
at the
and
the bases
bases of
of slopes
slopes as aa function
function of
of ln(a/tan3)
In(a/tan~) and
the current
currenthydrologic
hydrologic condition of the
soil.
Water
can
the soil. Water can
withdrawn
from
the
soil
at
its
potential
rate
by
be
be withdrawn from the soil at its potential
by
evapotranspiration.
The
evapotranspiration
routine
evapotranspiration. The evapotranspiration routine
included in this
this version
version ofofTOPMO
TOPMODEL
on
included
DEL isis based
based on
Hamon formula
formula (Hamon,
(Hamon, 1961).
1961). This empirical
empirical
the Hamon
method utilizes
method
utilizes air
air temperature
temperature data
data and latitude to
daytime hours to
yield saturation vapor pressure and daytime
yield
predict potential evapotranspiration.
predict

TOPMODEL Parameters
Output
TOPMODEL
Parameters and
and Output
A number
number of
of soil
soil and
topographic parameters
along
A
and topographic
parameters along
watershed latitude
latitude and
and aatime
timeseries
seriesofofprecipi
precipi
with watershed
with
tation and
and air
air temperature
temperature are
are required
required to
to run
run TOP
TOP
tation
lists
required
input
parameters
and
MODEL.
Table
1
MODEL. Table 1 lists required input parameters and
expected model
model output.
expected
output.

are adjusted
adjusted ininattempts
attemptstotomaximize
maximizethe
theobjective
objective
are
function.
Parameter
optimization
is
preferred
by
function. Parameter optimization is preferred by
many modelers
modelers because
because minimum
minimum time
time and
and effort
effort is
is
many
and maximum
maximum model
model efficiencies
efficiencies are often
often
involved and
involved
study, initial
initial estimates
estimateswere
were made
made
achieved. For this study,
achieved.
for those
those parameters
parametersthat
thatcould
couldnot
notbe
bequantified
quantifiedwith
with
for
reasonable certainty
certainty given
given the
the existing
existing data.
data. The
The
reasonable
Rosenbrock optimization
optimization technique was
was used
used along
along
Rosenbrock
trial and
and error
errorparameter
parameteradjustments
adjustmentstotoobtain
obtain
with trial
with
the "best
''bestfit"
fit" for
for calibration.
calibration.
the

TABLE 1.
1. TOPMODEL
and Outputs
Outputs(Wolock,
(Wolock, 1993).
1993).
TABLE
TOPMODEL Inputs
Inputs and

The
The "drivers"
"drivers" of
of the model
model include time series
series of
of
precipitation
precipitation and
and temperature
temperature for
for each
each of
of the
the years
years

INPUTS

for which
which the model
model is calibrated. One
One additional
additional year
for
was
to allow
allow the
the internal state variables
was also needed
needed to
variables
to
and equilibrated.
equilibrated.The
Themodel
modelwas
wascali
cali
to be
be initialized
initialized and

Precipitation
Precipitation
Temperature
Temperature

Series of:
of:
Time Series

Streamflow
Observed Streamfiow

year
year was
was selected
selected if it met
met the
the criteria
criteria of
ofhaving
having

Topography (DEM
(DEM data)
Topography
data)
Spatial Distributions of
Soil Characteristics:

brated for
for above
above average
average (wet),
(wet), average,
average, and
andbelow
below
brated
(dry) precipitation
precipitation years.
years. An
An above
above average
average
average (dry)

Hydraulic Conductivity
Conductivity
Hydraulic
Depth to
to Bedrock
Bedrock
Depth
Depth of
of AB
AB Soil Horizon
Depth
Field Capacity
Capacity
Field

Latitude

Watershed Area
Area
OUTPUTS

of:
Time Series of:

Total streamflow
streamfiow
Subsurface
flow
Subsurface flow

Temporal
Temporal and
and Spatial
Spatial
Distributions
of:
Distributions of:

Overland Flow
Depth to Water Table
Saturated Land-Surface
Land-Surface Area
Area
Soil
Soil Moisture
Moisture
Evapotranspiration
Evapotranspiration

Parmeterization
Parmeterization and
and Calibration
Calibration
Model
objective
Model performance
performance isis evaluated
evaluated using the objective
function,
efficiency. Model
function, model efficiency.
Model efficiency
efficiency isis defined
as:
as:

of the
the data)/
data)/
Model
Model Efficiency:;::
Efficiency = (l-variance
(1-variance of
(l-variance
(1-variance of
ofthe
the residuals)
residuals)
A
A model
model efficiency
efficiencyofofone
oneindicates
indicatesthe
themodel
modelisisper
per
model efficiency
efficiency of
forming
forming perfectly,
perfectly, whereas
whereas aa model
of zero
zero
indicates
indicatesthe
the model
modelisis performing
performingno
nobetter
betterthan
than the
the
mean
mean of
ofthe
the observed
observeddata.
data.
A
optimization routine (Rosenbrock,
CRosenbrock,
A parameter
parameter optimization
1960)
1960)isisincluded
includedin
in TOPMODEL
TOPMODELfor
forcalibration
calibration pur
pur
poses.
poses.The
The optimization
optimization routine
routine performs
performs numerous
numerous
iterations
which
iterations on
on selected
selected parameter
parameter estimates
estimates which

average precipitation
precipitation and
and the
the
10 percent
percent greater than average

increases were
were evenly
evenly distributed based
based on
on mean
mean

monthly precipitation.
precipitation. An average
average precipitation
precipitation year
year
monthly
was selected
selected if the monthly
monthly distribution
distribution was
was consis
consis
tent with
with average
average monthly
monthly amounts.
amounts.Below
Below average
average
tent
years were
were selected
selected if the year had
had 10
10 percent
percent less
less
precipitation
reduction was
was distributed
distributed eveneven
precipitation and the reduction
ly based on mean monthly precipitation. This criteria

was
to represent
represent aa full
was chosen
chosen to
full range
range of
of possible
possible
changes
to the precipitation
changes to
precipitation regimes
regimes due
due to
to climate
climate
evenly-distributed increase
change. Assuming
change.
Assuming an
an evenly-distributed
increase or

decrease
in precipitation
is speculative,
yet this
this
decrease in
precipitation is
speculative, yet
method will generate
generate aa broad
broadrange
rangeofofhydrologic
hydrologic concon

ditions
under which
to test
test the
the
which to
the model
model for each
each of the
ditions under
watersheds
watersheds and to evaluate
evaluate the
the potential
potential for
for TOPTOP
MODEL to
to be
be used
used for
for further
further evaluations
evaluations of
of regional
MODEL
impacts on
forested watersheds
watersheds in
in
impacts
on water yields
yields from
from forested
the northeastern United States.
Derivation
most soil
soil and
and geographic
parameters
Derivation of most
geographic parameters
accomplished using
was accomplished
using published
published and unpublished
site documentation
B. Adams,
Adams, 1992,
Personal
site
documentation (M.
(M. B.
1992, Personal
Communication, USDA
USDANortheastern
Northeastern Forest
Forest ExperiCommunication,
Experi
ment Station, Parsons,
Parsons, West
West Virginia;
Virginia; Adams
Adams et al.,
1994; E.
E. J. Ciolkosz,
1994;
Ciolkosz, 1991,
1991, Personal Communication,
Communication,
Soil Characterization
Characterization Laboratory,
Laboratory, Penn
Penn State UniverUniver
Soil
A. Federer,
Federer,
sity,
sity, University
University Park,
Park, Pennsylvania; C. A.
1992, Personal
Personal Communication,
Communication, USDA
USDA Northeastern
Northeastern
1992,

Forest Experiment
Forest
Experiment Station, Durham,
Durham, New
New HampHamp
shire; Federer
Federer et
et al.,
al., 1990,
J. Hudak, 1992,
Personal
shire;
1990, J.
1992, Personal
Communication, USDA
USDASCS,
SCS,University
University Park,
Park, Penn
PennCommunication,
sylvania; Lynch
sylvania;
Lynch and Corbett, 1985;
1985; USDA,
USDA, 1987),
1987),
using empirical
empirical methods
methods for
for estimating
estimating soil
soil hydraulic
hydraulic
using
conductivity by
by Stevens
Stevens (1988),
(1988),Portland
Portland State
State Uni
Uni
conductivity
versity (Wolock,
(Wolock,1988)
1988)and
andthen
then deriving
deriving spatially
spatially
versity
weighted averages
averages using GIS
weighted
GIS software,
software, ARC/INFO
ARC/INFO
and ERDAS.
ERDAS.Due
Duetotouncertainty
uncertainty in
in estimating
estimating lumped
lumped
and
values for
for some
some soil
soilhydraulic
hydraulicparameters,
parameters, such
such as
as
values

hydraulic
hydraulic conductivity,
conductivity,field
fieldcapacity,
capacity,and
andsoil
soildepth,
depth,
these
these parameters
parameters were
were estimated
estimatedinitially
initiallyand
andthen
then
optimized
optimizedduring
duringthe
the calibration
calibration process.
process.
Thefirst
first three
three moments
moments of
of the
the spatial
spatial distribution
distribution
The
the
topographic
index,
In(a1tan~)
were
for
for the topographic index, ln(aJtan) were computed
computed
using 7.5-minute
7.5-minute DEMs.
DEMs.These
Thesevalues
values are
are summa
summausing
rizedfor
foreach
eachwatershed
watershedininTable
Table22and
and reveal
revealthat
that
rized
topographicdifferences
differencesexist
existbetween
betweenthe
the watersheds.
watersheds.
topographic

TABLE 2.
2. Statistics
Statistics of the 1n(aJtan3)
Distributions for
for
TABLE
In(a/tan~) Distributions
Leading
LeadingRidge
RidgeOne,
One,Fernow
FernowFour,
Four,and
and Hubbard
Hubbard
Brook Three
Three Using 7.5-Minute DEMs.
Brook

Watershed
Watershed

Statisticof
Statistic
ofIn(a/tan{3)
1n(aJtan)Distribution
Distribution
Mean
Variance
Skew
Variance
Skew
Mean

LR1
LRI

6.13
6.13

1.66
1.66

2.08
2.08

F4
F4

6.56
6.56

2.32
2.32

6.19
6.19

HB3
HB3

6.15
6.15

2.64
2.64

5.90
5.90

Results
Results
Simulations
were performed
performed using
Simulations were
using wet,
wet, dry,
dry, and
and
average
precipitation years to
to calibrate
calibrate TOPMODEL
TOPMODEL
average precipitation
for the Leading
Leading Ridge
Ridge One, Hubbard Brook
Brook Three,
Three,
for
and Fernow Four watersheds.
Model
efficiencies
rangwatersheds. Model efficiencies rang
ing between
0.64
and
0.78
were
achieved
indicating
between 0.64
0.78 were achieved
the model
model predicted discharge values 64-78
64-78 percent
better
than
the
mean
of
the
observed
data.
better than the mean of the observed data.Model
Model effi
effi
ciencies for
for the
the wet, dry,
dry, and average years were
were 0.76,
0.76,
ciencies
0.64, and 0.68 for Leading Ridge One; 0.71,
0.78, and
0.71, 0.78,
0.64,
0.75
0.75 for
for Fernow
Fernow Four;
Four; and 0.64,
0.64, 0.75,
0.75, and 0.76
0.76 for
Hubbard Brook
Brook Three,
Three, respectively.
respectively. These model
model effieffi
ciency
results were
were all
all within
within the
the range
range reported
reported by
by
ciency results
Beven
et al. (1984)
year-long calibrations
calibrations of
of three
three
(1984) for
for year-long
Beven et
U.K.
U.K. watersheds.
watersheds. Franchini
Franchini et
et al.
al. (1996)
(1996) reported
reported
model
greater than
model efficiencies
efficiencies greater
than .90
.90 over
over three-month
three-month
periods
using an hourly
periods using
hourly time step
step while
while evaluating
evaluating
the
the sensitivity
sensitivity of
of the
the model.
model.
Although
results are favorable,
the model
model efficiency
efficiency results
favorable,
Although the
aa closer
closer inspection
inspection of
of the
the entire
entire time
time series
series of
of
observed
observed versus
versus predicted
predicted discharges
discharges (Figures
(Figures 22
through
through 4),
4), indicates
indicates periods
periods of
of disparity
disparity throughout
throughout
the
calibration
period.
The
disparity
in
the
the calibration period. The disparity in theobserved
observed
versus
can be
be attributed
versus predicted
predicted discharges
discharges can
attributed to
to the
the
inability
of
the
model
to
adequately
reflect
antecedent
inability of the model to adequately reflect antecedent
soil
that affect
soil moisture
moisture conditions
conditions that
affect the
the magnitude
magnitude of
of
subsequent
runoff
events.
subsequent runoff events.
Five
were identified that
that may
may
Five possible
possible explanations were
account
for
the
inability
of
the
model
to
accurately
account for the inability of the model to accurately
predict
predict soil
soil moisture
moisture conditions.
conditions. These
These include:
include: (1)
(1) an
an
inability
of
the
model
to
predict
snow
accumulation
inability of the model to predict snow accumulation or
or

snowmelt
snowmeltaccurately,
accurately,particularly
particularlyduring
duringlate
late winter
winter
and
early
spring;
(2)
baseflow
was
consistently
and early spring; (2) baseflow was consistently
overestimated
overestimated during
during low
low flow
flowmonths
months(June
(June through
through
that
ET
is
being
October),
suggesting
possibly
October), suggesting possibly that ET is being under
under
estimated
estimated or
or simply
simply because
because there
there is
is no
no allowance
allowance for
for
basin
basin leakage,
leakage, or
or because
becausethere
there isis not
not an
an interception
interception
model; (3)
component
componentwithin
within this
this version
version of
of the
the model;
(3) erro
erro
parameter
estimates
that
influence
soil
mois
neous
neous parameter estimates that influence soil mois
ture
storage (soil
(soil depth,
depth, field
field capacity)
capacity) and
and soil
soil
ture storage
hydraulic
properties
(hydraulic
conductivity,
percent
hydraulic properties (hydraulic conductivity, percent
of
of macropore
macroporeflow,
flow,and
and slope);
slope);(4)
(4)the
the representative
representative
ness
ness of
of one
one raingage
raingage for
for each
each watershed
watershed may
may be
be limit
limitaccuracy of the volume
volume of incoming
incoming rainfall;
ing
ing the accuracy
rainfall;
and
model time
inappropriate for
for
and (5)
(5) aa model
time step
step that
that is inappropriate
describing
hydrological processes
describing the
the hydrological
processes of
ofthe
the water
water
shed.
possible that
that any
any or
or all
all of
of the
the factors
factors can
can
shed. ItItisis possible
be
limiting
model
performance.
be
model
The
observed versus
The time
time series of observed
versus simulated
simulated dis
dis
suggest
that
antecedent
conditions
preceding
charges
charges suggest that antecedent conditions preceding
runoff
overestimated causing
causing erroneous
erroneous
runoff events
events are
are overestimated
streamflow
responses.
This
occurred
most
often dur
dur
streamfiow responses. This occurred most often
ing
when average
average daily
temperature values
values
ing times
times when
daily temperature
were
inability of
of a
were in
in the vicinity
vicinity of
of O'C
0C suggesting the inability
daily time
time step to
to accurately
accurately predict rain
rain or
or snow
snow
daily
events and snowmelt.
snowmelt. This
may be
due to inherent
events
This may
be due
problems predicting snow
snow accumulation/snowmelt
accumulation/snowmelt
problems
using aa daily
daily model
model time
time step.
step. Mean
Mean daily
daily tempera
tempera
using
ture may
may not
not be
be adequate
adequate for
for predicting
predicting whether
whether pre
pre
cipitation
events
occur
as
rain
or
snow,
nor
is
cipitation events occur as rain or snow, nor is it
adequate for
for accurate
accurate predictions
predictions of
of the
the occurrence
occurrence
and magnitude
magnitude of
of snowmelt
snowmelt on
on these
these watersheds
watersheds
when mean
the vicinity
vicinity of
when
mean daily
daily temperatures
temperatures are
are in the
O·C.
oc.
A
A goal
goal of
TOPMODEL
of this
this study
studywas
wastotoevaluate
evaluate
TOPMODEL
evaluating regional
regional impacts
impacts on
on water
water yield.
yield.
in evaluating
for use in
model for a large
large num
num
Available data for driving the model
Available
ber of
of watersheds
watersheds would
would likely
likely be
be limited to daily
daily
ber
data. Thus,
Thus, calibrations
calibrations using
using aa finer
finer time
time step
stepwere
were
data.
not investigated.
investigated. Snowpack
Snowpack ripening and the
the subse
subse
not
release of
of meltwater
meltwater or
or the
the occurrence
occurrence of
of rain
quent release
snow in
in upland
upland forested
forested watersheds
watersh eds is
is aa
on snow
on
task,
particularly
when
a
daily
time
step
formidable
formidable
particularly when a daily time step
used. Other
Othersnowmelt
snowmeltmodels
models face
face similar
similar problems
problems
isis used.
when modeling
modeling snow
snow accumulation
accumulation and
and snowmelt
snowmelt
when
using
a
daily
time
step
for
watersheds
of
this
scale.
using a daily time step for watersheds of this scale.
Thus,
incorporating
an
alternative
snowmelt
model
Thus, incorporating an alternative snowmelt model
not be
be expected
expected to
to significantly
significantly improve
improve the
the
would not
would
model
fit
for
these
watersheds,
and
was
not
examined
model
watersheds, and was not examined
further.
further.
To evaluate the
the possibility
possibility that
that the
theET
ET(evapotran
(evapotran
To
spiration) model
model (Hamon
(Hamon method)
method) used
used in
in this
this
spiration)
version
version of
of TOPMODEL
TOPMODEL is limiting
limiting model
model perfor
perfor
mance, daily
daily values
values of
of ET
ET during
duringthe
thegrowing
growingseason
season
mance,
the high.
high
were increased
increased incrementally.
incrementally. Surprisingly,
Surprisingly, the
were
est
estmodel
model efficiencies
efficiencies were
were achieved
achieved when
when growing
growing
PET (potential
(potential evapotranspiration)
evapotranspiration) estimates
estimates were
were
PET
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increasedby
byapproximately
approximately100
100percent.
percent.This
Thiswas
was
increased
particularly evident
evident for
for the
the Leading
Leading Ridge
Ridgewatershed.
watershed.
particularly
Modelefficiencies
efficienciesgreater
greaterthan
than 0.75
0.75 were
were achieved
achieved
Model
consistentlyafter
after increasing
increasingdaily
dailyPET
PETestimates
estimatesdur
dur
consistently
ing the
the growing
growing season
seasonby
by 100
100percent.
percent.InIn aa climato
ing
logicalsense,
sense,this
this doubling
doubling of
ofgrowing
growingseason
seasonPET
PETisis
logical
not warranted
warranted and
and may
may suggest
suggest other
other factors
factorssuch
suchasas
not
leakage or
or groundwater
groundwater outflows
outflowsthat
that are
are not
not includ
includ
leakage
ed in
in this
this version
version of
of the
the model
model may
may be
be contributing.
contributing. AA
ed
leakage component
componentwas
was added
added and
and found
found to
to improve
improve
leakage
efficienciessimilar
similartotothose
those experienced
experiencedafter
after increas
increas
efficiencies
ing PET.
PET. Although
Althoughthis
this analysis
analysis is
is inconclusive,
inconclusive,itit isis
ing
suspected that
that the daily model
time step is also
also affect
affectsuspected
model time
ing PET
PET estimates
estimates and limiting model
performance.
ing
model performance.
A simplistic
simplistic exercise
exercise was
was performed
performedtotoillustrate
illustrate
A
TOPMODEL'sability
abilitytotodetect
detectchanges
changesinin water
water yield
yield
TOPMODEL's
that may
result from
an increase
increase in
in temperature
temperature and
and
that
may result
from an
subsequent effects
effects on
on evapotranspiration,
evapotranspiration, and
and ulti
subsequent
ulti
mately soil
soil moisture
moisture content
content and
and water
water yield.
yield. For
Forthis
this
mately
analysis all
all daily
increased by
by
analysis
daily temperatures were
were increased
1.7CC.AAthree-degree
three-degreeFahrenheit
Fahrenheit(LTC)
(1.TC) temperature
temperature
LTC.
increase is
is consistent
warming esti
esti
increase
consistent with
with some
some global
global warming
mates, but of
mates,
of course,
course, increasing
increasing all
all daily
daily temperatempera
tures uniformly
very simplistic
simplistic scenario.
scenario.
uniformly by
by 1.7CC
1. TC isis aa very
Annual,
growing season,
season, and
and dormant
dormant season
season water
water
Annual, growing
yields
after
increasing
daily
temperatures
by
1. TC
yields after increasing daily temperatures by 1.7CC
were
compared
with
modeled
water
yields
for
were compared with modeled water yields for the
same years
years using
using the
the actual
same
actual daily
daily temperature
temperature
values.
This analysis
analysis assumes
that the
values. This
assumes that
the optimal
optimal

parameter
parameter sets
sets derived
derived during
during model
modelcalibration
calibrationrea
rea
sonably
sonablydescribe
describehydrologic
hydrologicpathways
pathwaysfor
forthese
thesewater
water
sheds
comparisons can
shedssuch
such that
that relative
relative comparisons
can be
be made
made
using
using water
water yield
yield changes
changesthat
that result
result from
from an
an
increase
increaseinindaily
dailyair
airtemperatures.
temperatures.
The
The simulations
simulations showed
showed average
average decreases
decreases in
in
water
water yield
yield during
during the
the growing
growing season
season of
of 14.9
14.9percent,
percent,
10.0
10.0percent,
percent, and
and 8.8
8.8 percent
percent for
for LR1,
LR1, F4,
F4, HB3,
HB3,
respectively.
For
the
dormant
season
the
water
respectively. For the dormant season the water yield
yield
decreases
decreases were
were 10.7
10.7percent,
percent, 4.3
4.3percent,
percent, and
and 4.5
4.5 per
per
cent
cent for
for LR1,
LR1,F4,
F4,and
and HB3.
HB3.The
Theresults
results of
of these
these simu
simu
lations
presented in Table
Table 3 by comparing
comparing water
lations are
are presented
water
yields
yields for
for annual,
annual, growing
growing season,
season,and
and dormant
dormant sea
sea
son
percentage decreases
decreases
son water
water yield
yield totals,
totals, and
and the
the percentage
following
show
followingtemperature
temperature increases.
increases. These
These results
results show
that
changes in
that changes
in the
the average
average daily
dailyair
airtemperature
temperatureare
are
detectable,
detectable, assuming
assuming the
the model
modelisiscalibrated
calibrated accurate
accurateother components
components of the
ly
ly and
and the ET and other
the model
model are
are
performing
satisfactorily.
What
cannot
be
defined
performing satisfactorily. What cannot be defined is
is
the
degree of
of accuracy
the degree
accuracy in
in water
water yield
yield decreases
decreases due
due to
to
a 1.7CC
LTC increase
increaseinindaily
dailyair
airtemperatures.
temperatures.

CONCLUSIONS AND
AND RECOMMENDATIONS
RECOMMENDATIONS
Quantifying the
impact on
on water
water resources
resources of
of
Quantifying
the impact
aa variety
variety of
of possible
possible climate
climate change
change scenarios
scenarios is
is
essential if
if water
water resource
resource managers
meet the
essential
managers are
are to
to meet
the

TABLE
on of
Predicted Water
TABLE 3.
3. Comparis
Comparison
of Predicted
WaterYields
Yields (mm)
(mm) Using
Using Ac
Actual
Versus +1
+1.7"C
tual Versus
.7CCTemperatures.
Temperatures.

Watershed
Watershed

Annual
Annual
(actual)
(actual)

Annual
Annual

Percent
Percent

(+
(+ 1.7'C)
1.7"C)

Change

Growing
(actual)

Growing
Growing

Percent
Percent

(+ 1.7CC)
1.7"C)
(+

Change
Change

Dormant
(actual)
(actual)

Dormant
Dormant
(+ 1.7'C)
(+
l.7'C)

Percent
Percent
Change
Change

410
410
549
549
571
571

361
361
536
536
556
55(

-12.0
-2.5
-2.6
.2.6

142
142
269
269
270
270

132
132
249
249
26(;
266

-7.0
-7.0
-7.2
-7.2
·U
.1.3

294
294

256
256
415
415
410
410

·no
-13.0
·:U
-3.3
-9.6
-9.6

Wet
Wet
LR1
LRl

F4
F4
HB3
HB3

537
537
716
716
883
883

474
474
677
677
835
835

-11.8
-11.8
-5.6
-5.6
-5.3
-5.3

127
127
167
167
311
311

113
113
141
141
279
279

-10.9
-10.9
-15.6
.15.6
-10.3
-10.3

Dry
Dry

LR1
LR1

199
199

F4
F4
HB3
HB3

337
337
350
350

183
183
315
315
341
341

.80
-8.0
-6.7
-6.7
-2.5
-2.5

57
57
69
69
80
80

51
51

-10.a
.103

66
66
75
75

-4.8
-4.8

74
74
104
104
106
106

-23.5
-23.5
-9.7
-9.7
-9.5
.9.5

-6.7
-6.7

Average
Average

LR1
LR1

F4
F4
HB3
HB3

390
390

329
329

545
545
571
571

519
519
516
516

-15.6
-15.6
-4.8
-4.8
-9.5
-9.5

97
97
115
115
118
118

429
429
45a
453

Mean
Mean
LR1
LR1

F4
F4
HB3
HB3

-11.8
-11.8
.57
-5.7
-5.8
-5.8

-14.9
-14.9
-10.0
-10.0
-8.8
-8.8

-10.7
-10.7
-4.3
-4.5
-4.5

TOPMODEL
growing demands for potable water. The TOPMODEL
modeling
concept isis aa viable
viable means
means for
for future
future studies
modeling concept

forested
watersheds in
in the
the northeastern United
forested watersheds
United
States
scenarios.
States under
under aa variety
variety of
of climatic
climatic change scenarios.

to predict long-term
long-term effects
effects of
of climatic change
change on
on
to
streamflow from
streamfiow
from small,
small, forested
forested upland
upland watersheds
watersheds of
of
northeastern U.S.
U.S. After
Mter using
using this calibration
calibration pro
pro
the northeastern
capable of
of detecting dif
dif
TOPMODEL appears capable
cedure, TOPMODEL
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in water yield
ferences in
yield under a broad range of
impacts under various climatic
climatic change
change scenarios
scenarios
impacts
northeastern United
United States.
States. However,
However,
throughout the northeastern
using a daily
daily time step suggest
suggest that
the results using

impacts on
on annual water
water yields,
yields, as
as opposed
opposed to
to month
month
ly water yield impacts, would be most reliable.
model results revealed
revealed some
some difficulty
difficulty in
The model
describing antecedent
describing
antecedent soil
soil moisture
moisture conditions
conditions that
that
subsequent difficulties
difficulties predicting the magni
magni
led to subsequent
of the hydrologic
hydrologic response.
tude of
response. This
This was
was evident
evident in
in
defining whether a precipitation event was
was either rain
snow and timing and
and magnitude
magnitude of
ofsnowmelt.
snowmelt. Dur
Dur
or snow
growing season
season there were
were some
some difficulties
difficulties
ing the growing
estimating the magnitude
magnitude of runoff
runoff that also
also can be
attributed to
to antecedent
antecedent moisture
moisture conditions
conditions possibly
possibly
attributed
through the
The inability
inability
the ET
ET component
component of the model.
model. The
describe soil
soil moisture
moisture con
con
of the model to adequately describe
periods of the year may suggest
ditions during certain periods
suggest
alternative snowmelt
be used.
snowmelt or
or ET
ET components
components be
used.
However,
similar results with
However, similar
with these
thesemodel
model compocompo
nents replaced
when aa daily
replaced would
would be expected
expected when
daily time
step is used.
used. This
This study
study limited
limited the
the model
model evaluation
evaluation
data would
would likely be
to a daily time step because daily data
be
available
for future regional
available for
regional assessments of water
yield impacts
climate change.
change. A preliminary
preliminary
yield
impacts due to climate
showed that
that model
model performance
performance could
could also
evaluation showed
be improved upon
upon by incorporating other components,
components,
and groundwater
groundwater outflow.
outflow. Certainly
such
such as leakage and
Certainly
factors such
other factors
such as
as the
the quality
quality of
of the
the input
input data
data or
or
accuracy of the optimized
optimized parameter
can all
the accuracy
parameter sets
sets can
model performance.
affect model
performance. Given
Given these
these potential
impacts
on model
model calibration,
calibration,itit can
can still
still be
be stated
stated
impacts on
thatTOPMODEL
TOPMODEL performed reasonably well.
well.
that
Furthermore, calibrating
calibrating TOPMODEL
TOPMODEL using wet,
dry, and average years over a variety of
of physiographic
physiographic
dry,
settings
demonstrated as an
an approach
approach for
for
settings has been demonstrated
approximating aa variety
variety of
ofclimatic
climatic conditions
conditions indicaindica
range of
of potential
potential climate
climate change
change scenarios
scenarios
tive of a range
northeastern United
United States.
States. The
The exercise
exercise
in the northeastern
whereby daily
1.7
whereby
daily temperatures were increased by 1.7
degrees Celsius,
Celsius, demonstrated
demonstrated that
that the model
is sen
degrees
model is
sen
yield.
sitive enough
enough to
to detect
detect changes
changes in
in annual water yield.
Impacts
Impacts on monthly water yield
yield would
would be less
less accuaccu
but annual
annual water
water yield
yield changes
changes seem
seem to
to be
be
rate, but
predicted
reasonably well.
well. These
Theseresults
results suggest
suggest that
that
predicted reasonably
TOPMODEL would
assess
TOPMODEL
wouldbe
be applicable
applicable for
for future
future assess
predict annual water
water yield
yield changes
changes for
for
ments to predict
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